Measurements of positron temperature as a function of time are presented when a positron gas, confined in an electromagnetic trap at an elevated temperature (⩾1200 K), is cooled by interactions with the molecular gases CF 4 , N 2 or CO at 300 K. A simple model describing positron thermalization by coupling to vibrational and rotational modes is presented, with cooling-rate predictions calculated in the Born approximation. Comparisons to the measured positron cooling-rate curves permit estimates of the magnitudes of the relevant cross sections. The results are compared with experiment for the case of vibrational excitation, where direct measurements exist; and they provide estimates of the rotational excitation cross sections where direct measurements are not currently possible. Positron cooling rates are compared for these gases at 300 K, and estimates of their effectiveness in cooling positrons to cryogenic temperatures are discussed.
Introduction
Positron interactions with matter are important in a variety of contexts, including astrophysics, medicine and material science [1] [2] [3] . While a variety of interactions involving relatively high energy positrons have been studied, fewer measurements exist at low temperatures (i.e., ⩽300 K) due to difficulties in obtaining low temperature positrons in large quantities. The advent of trap-based positron beams has enabled the measurement of relatively low energy features, such as state-resolved electronic and vibrational excitations for positron impact on a variety of molecules [4, 5] , however direct study of rotational excitation by positron impact is beyond the reach of current technology.
A better understanding of low energy positron-molecule collisions and thermalization processes will aid in the development of novel experimental techniques and technology. In particular, such processes are central to a number of techniques used in creating high-density positron plasmas and tailored positron beams by manipulating plasmas and gases in electromagnetic traps. Prominent examples include the use of molecular gases as an inelastic energy loss mechanism for buffer-gas positron accumulators [6] [7] [8] , and as the requisite cooling mechanism when rotating electric fields are used to radially compress trapped plasmas the ('rotating wall' (RW) technique) [9] [10] [11] . The results of such atomic physics studies could also enable the development of new tools for more precise studies of these low-energy processes (e.g., higher resolution positron beams) [12] , and provide key data for detailed simulations of positron cooling (e.g., relevant for modeling the positron dynamics in buffer-gas accumulators and in RW compression) [13, 14] .
Positron thermalization in the molecular medium proceeds in several sequential stages. Initially, when the positron temperature is large, the positrons cool rapidly through high energy processes such as electronic excitation and ionization. Once the positron energy falls below the thresholds for these higher energy processes (e.g., a few electron volts), the cooling rate slows dramatically, and the lower energy processes of vibrational and rotational excitation dominate. It is these lower energy processes that are the focus of this paper.
Presented here are measurements and calculations for positron cooling from temperatures ⩾1200 K through inelastic collisions with either CF 4 , N 2 or CO gases at 300 K. The positrons are cooled in situ in a Penning-Malmberg trap, while being confined by electric and magnetic fields [15] .
These molecules were chosen for study to compare the effectiveness in cooling positrons via vibrational and rotational excitation. By symmetry, the permanent dipole and quadrupole moments of CF 4 are zero, leaving vibrational excitation as the dominant cooling channel. For N 2 , the cross section for vibrational excitation is small (due to the mode being IR-inactive), and the molecule has no permanent dipole moment, leaving rotational excitation by coupling to the quadrupole moment to dominate. Carbon monoxide has a dipole-active vibrational mode, as well as non-zero dipole and quadrupole moments, allowing it to cool through all three types of vibrational and rotational excitation.
A model is also presented that describes the evolution of the positron temperature during inelastic interactions with a molecular gas. The model predictions, which are calculated using simple cross sections under the Born approximation, are then compared to experimental measurements, allowing estimates of the magnitudes of the relevant cross sections to be made. For the vibrational excitations in CF 4 and CO, these estimates are compared to direct experimental measurements, while for rotational excitations in N 2 and CO, they yield important information, since no direct measurements of the cross sections exist.
This paper is organized as follows. A model of the underlying physical processes and positron cooling is described in section 2. Section 3 gives a brief overview of the experimental apparatus and procedures used to heat the trapped positron gas and to measure positron temperature as a function of time. The results for positron cooling on the three different molecules are presented in section 4, including calculations using the model and estimates regarding the relevant cross sections. Section 5 provides a comparison of the measured data for these molecules, along with a discussion regarding the possible effectiveness of these gases at cooling positrons to cryogenic temperatures. The paper ends with a set of concluding remarks in section 6.
Thermalization by inelastic collisions in a molecular gas
Considered here is the process of positron thermalization through inelastic collisions with a molecular gas. The model presented is general, in that it describes the thermalization of positrons (or electrons) with a gas through a variety of inelastic collisions (e.g., vibrational or rotational excitation and de-excitation, etc) provided acceptably accurate forms for the relevant cross sections are available.
The mean positron-molecule collision rate is
where n is the molecule number density, m is the positron mass, σ ε ( ) is the cross section for the collision, ε is the incident positron energy, and 〈 〉 ... indicates averaging over the positron energy distribution. Since the mass of the molecule is large compared to that of the positron, the molecule is assumed to be stationary, and so only the positron energy is used to describe the relative velocity.
Using (1), the mean collision rate for excitation from, or de-excitation to + − ( , ) the ith mode can be written
where the cross-sectional average has been written as an integral over the positron energy distribution, ε f T ( , ), and n i is the population density of state i.
If the various states in the molecular are assumed to be Boltzmann distributed, then the population density can be written as
where g is the mode degeneracy, E is the mode energy, k b is Boltzmannʼs constant, and T g is the temperature of the molecular gas.
The total power transferred to or from the positrons is equal to a sum over all processes which can de-excite or excite the molecule
Here the subscripts c and h represent cooling (excitation) and heating (de-excitation) of the positrons, and ΔE i is the change in energy of the molecule by excitation from, or de-excitation to, state i. The mean rate of energy change of the positrons can then be written
b tot where ≡ − P P P
tot c h is the total cooling power acting on the positrons. Using (4)-(6), the first order differential equation describing the evolution of the positron temperature as a function of time is
b i
Assuming the cross sections satisfy detailed balance, the excitation and de-excitation collision rates for each mode will equilibrate at the gas temperature. Above this temperature excitation dominates, cooling the positrons; while below, deexcitation dominates, heating the positrons. Unfortunately, the dependence of Ptot on the positron temperature cannot be expressed in simple form if it is required that the cross sections used satisfy detailed balance, and so the solution to (7) must be found numerically. For all of the cases considered here, the solutions were found by numerically integrating (7) using a μ 10 s time step. Reducing the time step by three orders of magnitude (10 ns) yields a change in the results of less than 1%, indicating that stable numerical solutions are reached using μ 10 s time steps. For simplicity, it is assumed that the positron energy distribution, ε f T ( , ), remains Maxwellian at all times. While no effort is made here to justify this assumption theoretically, the measured positron energy distributions at each temperature (see below) indicate that it is a reasonable approximation.
For the results discussed here, generic formulae for cross sections in the Born approximation are used for the vibrational and rotational excitations and de-excitations. The dominant CF 4 and CO vibrational cross sections are available from experimental measurements, and fit well to simple scalings of the Born-dipole cross sections [16] , thus indicating that the use of these cross sections in modeling the vibrational interactions with these species is appropriate. No direct measurements of the rotational cross sections exist for positron impact; however the Born approximation is expected to be approximately valid at the low values of positron energy studied here, where the positron de Broglie wavelengths are large. Additionally, data for rotational excitation of N 2 by electron impact suggest that the Gerjuoy-Stein cross sections are reasonably accurate [17] .
Description of the experiments
The experimental apparatus has been described in detail elsewhere [18] . High energy positrons from a 22 Na radioactive source are moderated by inelastic collisions with a thin layer of solid Ne at ∼8 K, slowing the positrons to electronvolt energies. These moderated positrons are then magnetically guided into a three stage buffer-gas trap (BGT).
The BGT consists of a modified Penning-Malmberg trap in a ∼0.1 T magnetic field. A trapping gas, typically N 2 , is injected into the first stage and maintained at lower pressures in the other two stages by differential pumping. The positrons enter the trap on the high pressure side and lose energy through inelastic collisions with the trapping gas, becoming confined in a potential well in the third stage. The cooling gas being studied is injected into the third stage to interact with the trapped positrons, eventually cooling them to the gas temperature (∼300 K). For all experiments discussed here, the N 2 trapping gas was maintained at significantly lower pressure in the third stage as compared with that of the cooling gas, so that the positrons cooled predominantly through interactions with the cooling gas. Data were taken at two different N 2 pressures to verify this.
Once the trapped positrons have cooled to the ambient gas temperature of 300 K, Gaussian noise with an amplitude of 150-500 mV peak-to-peak and a bandwidth of 9 MHz is applied to one of the confining electrodes for 100-200 ms, then shut off, at which point the positron temperature is between ∼1200-1800 K, depending on the molecule being studied. The peak temperature reached during this process is determined by a competition between the rf heating and gas cooling rates, and so these initial conditions were varied for each gas in an attempt to reach reasonably similar peak temperatures. The temperature of the positrons is then measured as a function of time as they relax to the ambient gas temperature. These measurements are done by raising the bottom of the potential well, lifting the positrons over a potential barrier, and forming a pulsed positron beam [4, 12, 19] .
This beam is then passed through a retarding potential analyzer (RPA), where the beam parallel energy distribution is measured. This measurement is then repeated with the RPA in a different magnetic field, and the two measured energy distributions are fit to an experimental beam energy distribution function, which consists of a Gaussian convolved with a Maxwellian [18] , to obtain the mean parallel energy of the beam at each magnetic field.
The two measured mean parallel energies, along with the magnetic fields in which they were measured, are related to their respective mean perpendicular energies through energy conservation and the invariance of the positron orbital magnetic moment [20, 21] , yielding
where ⊥ E and ∥ E represent the mean perpendicular and parallel energies of the positrons in the RPA, B is the magnetic field in the RPA region, and the primes distinguish parameters evaluated at the second value of the magnetic field.
The mean perpendicular energy of the positrons in the BGT, ⊥ E t , can then be obtained from the measured ⊥ E in the RPA region by
t t where B t and B are the magnetic fields in the BGT and RPA regions, respectively. Combining (8) and (9) 
Equation (10) is the basis for the temperature measurements presented here. Note that this relation assumes that the perpendicular energy of the positrons is not affected by the beam formation process (i.e., ⊥ E changes only due to the positrons moving through a changing magnetic field). Computer simulations of the beam formation process have been done to verify that this is indeed the case.
Examples of measured parallel energy distributions used to determine the positron temperature using (10) These and similar measurements are found to be consistent with the assumption of the model that the positron energy distribution remains Maxwellian, even while the positrons are being heated or cooled. The beam formation process removes most of the information regarding the original parallel positron energies, but leaves the perpendicular energies intact. As seen in figure 1(a) , when the RPA magnetic field is comparable to that of the buffer gas trap, the parallel energy distribution resembles a Gaussian. As the RPA field is lowered, some positron perpendicular energy is transferred into the parallel component due to the invariance of the orbital magnetic moment. This results in an increase in the mean parallel energy, as well as the development of a high energy tail in the parallel energy distribution (cf figure 1 (b) ). At all temperatures discussed here, the measured distributions fit well with the Gaussian-Maxwellian distribution function, indicating that the positrons equilibrate rapidly to a Maxwellian distribution even while being heated or cooled.
For the results presented here, ∼20 000 positrons were used with a magnetic field ratio ′ = B B 1 4. Pressure measurements were done using an ion gauge calibrated to a capacitance manometer placed in situ in the trapping region, with an overall uncertainty of 10%. Measurements with each gas at half pressure were done at several temperatures to ensure that the cooling rates varied linearly with the gas pressure, indicating that there were no gas-independent cooling mechanisms present. Since the time required for each temperature measurement is significant (∼1 h), multiple measurements of each data point was not practical. For this reason, the error bars shown for each molecule represent the standard deviation of five measurements of the t = 0 s point, where the error is expected to be largest.
Results

Carbon tetrafluroide
The first case considered is positron cooling through interactions with CF 4 at a pressure of 0.51 ± 0.05 μTorr. The measured positron temperature during the heating and cooling cycle is shown in the inset of figure 2. The positrons were trapped and initially allowed to cool to the gas temperature of ∼300 K, after which rf heating noise was applied for 100 ms. The positrons reached a peak temperature of ∼1700 K, at which point the noise was switched off, and the positrons allowed to relax back to the gas temperature.
Both the permanent electric dipole and quadrupole moments of CF 4 are zero by symmetry, leaving vibrational excitation by coupling to the transition dipole moments as the dominant cooling channel. The cross section used is the Borndipole cross section [22] , with the de-excitation cross section obtained by requiring detailed balance where a 0 is the Bohr radius, R y is the Rydberg (13.6 eV), ε is (7) with cross sections scaled up by a fitting factor η = 0.95 and (----) solution to (7) with cross sections scaled by η = 0.75 to match the direct measurement given in [16] . Inset shows full heating and cooling cycle. the positron energy, ν μ is the transition dipole moment with dimensions of ea 0 , and ν g and ε ν are the degeneracy and energy of mode ν. Here, σ ν 0, describes excitation from the ground state to the first excited state ν, and σ ν,0 represents deexcitation from state ν. Excitations from excited states are neglected.
There are two triply degenerate, dipole-active CF 4 vibrations; the ν 3 degenerate stretch mode at ε = ν 159 meV, and the ν 4 degenerate deformation mode at ε = ν 78.4 meV. The transition dipole moments for these modes, which are calculated using the absolute integrated intensities and procedures given by Bishop and Cheung in [23] , are found to be 0.12 ea 0 and 0.02 ea 0 for the ν 3 and ν 4 modes, respectively. Since the cross sections scale as ν μ 2 , the contribution from the weak ν 4 mode is small, and so only (de-)excitation of the ν 3 mode is considered here.
As shown in figure 2 , even at the low gas pressure of 0.51 μTorr, the positrons thermalize with the CF 4 remarkably quickly, reaching 300 K in under 50 ms. Also shown as a solid line is the solution to (7) for the case of (de-)excitation of the ν 3 vibrational mode using the cross sections given by (11) . In this case the simple model is in excellent agreement with the measured data.
The measured positron cooling curve also provides some information regarding the cross sections for the relevant interactions. The fact that the model prediction matches well for CF 4 suggests that the Born-dipole cross section is a good approximation to the actual cross section. Applying a constant empirical scale factor, η, to both the excitation and de-excitation cross sections given by (11) enables an estimate of the vibrational cross section. For the case of CF 4 , the best fit is found by scaling the Born-dipole cross sections by a factor η = 0.95 ± 0.10 resulting in the curve shown by the dashed line in figure 2 .
For comparison, the ν 3 vibrational excitation cross section for positron impact on CF 4 has been directly measured experimentally and found to be a factor of ∼0.75 ± 0.2 times the Born-dipole model prediction [16] . The positron cooling curve obtained from the model using this scale factor is shown by the dot-dashed curve in figure [4] . The fact that the two measurements lie within their respective error bars confirms that the positron cooling curves may be used to estimate the underlying cross sections. While this technique does not provide as detailed cross section information as direct measurement, it is a useful alternative, particularly in cases where direct measurement is not currently possible.
Molecular nitrogen
Data for N 2 at a pressure of 15 ± 1.5 μTorr are shown in figure 3. Since N 2 is a homonuclear diatomic molecule, it has no permanent dipole moment and the vibrational mode is dipole-inactive. Thus, the lowest order coupling is rotational excitation via the non-zero quadrupole moment. In this case, the selection rules allow only rotational transitions with Δ = ± j 2. The cross sections for excitation from and deexcitation to rotational state j in the Born approximation are , with B r the rotational constant of the molecule, and so the energy transferred to and from the positron following a collision is Δε = + B j (4 6) j r . As shown in figure 3 , the positrons thermalize with N 2 much more slowly than for CF 4 , even with the significantly higher gas pressure and lower initial positron temperature, taking ∼0.5 s to reach 300 K. The prediction from (7), using the cross sections given by (12) with = Q a 1.27 e 0 2 and B r = 0.25 meV [25, 26] , is shown by the solid curve. All rotational states up to j = 60 are included in the calculation, though the contributions from ≳ j 30 are negligible, and the degeneracy is taken to be + j 6(2 1) and + j 3(2 1) for even and odd j, respectively. In this case, the calculated cooling rate is lower than seen in the measured data, suggesting that the Gerjuoy-Stein formula underestimates the rotational excitation cross sections for N 2 by positrons. Since the Born approximation involves only long range effects, this may indicate that short range effects, such as polarization, are important in describing positron collisions with N 2 [27] . It should be noted that, while the N 2 vibrational mode is dipole-inactive and therefore has a cross section of zero in the Born approximation, more sophisticated calculations predict a non-zero vibrational excitation cross section. However, the magnitude of the predicted cross section is small, approximately three orders of magnitude smaller than that for CF 4 [28, 29] ; including this process in the model does not significantly affect the positron cooling rate. Adjusting the magnitude of the rotational (de-) excitation cross sections given by (12) yields a best fit scale factor η = 1.8 ± 0.2 (dashed curve in figure 3 ). This measurement yields a magnitude for the = → j 0 2 rotational excitation cross section which is in reasonable agreement with more recent theoretical calculations [30] , however it should be noted that the energy dependence of the Gerjuoy-Stein formulae are markedly different than predicted by these calculations. Since no direct measurements of the rotational excitation cross section for positrons on N 2 exist, the indirect measurements shown in figure 3 represent a potentially important benchmark for comparison to future theoretical calculations.
Carbon monoxide
Cooling data for CO at a pressure of 1.7 ± 0.2 μTorr are shown in figure 4 . Unlike the previous two cases, CO has both non-zero permanent dipole and quadrupole moments, as well as a dipole active vibrational mode. The solution to (7) then involves both the vibrational and quadrupole rotational interactions given by (11) and (12), as well as additional cross sections describing rotational interactions by coupling to the permanent electric dipole moment. For dipole-coupled rotations, the allowed transitions are Δ = ± j 1. Again using the Born approximation, they are [32] . For CO, the rotational constant B r is 0.24 meV [26] , and the permanent dipole and quadrupole moments are a 0.044 e 0 and a 2.59 e 0 2 , respectively [25, 32] . The only vibrational mode is the dipole-active C-O stretch mode, occurring at ε = ν 266 meV with a transition dipole moment of a 0.042 e 0 [23] .
Shown in figure 4 by a solid line is the prediction of (7) using the cross sections given by (11) , (12) , and (13) . For this calculation all states up to j = 60 were included for both the dipole and quadrupole coupled rotations. The predicted cooling rate is surprisingly close to that measured, given the simplicity of the model and the variety of open cooling channels.
The total cooling power for each of the three processes is plotted in figure 5 . Note that it switches sign from >0 to <0 when the positron temperature decreases below the gas temperature (300 K). Not surprisingly, the cooling power is dominated by vibrational excitation at high temperatures. However, at ∼ T 600 K, the contribution from quadrupolecoupled rotations becomes comparable. Interestingly, due to the large quadrupole moment of CO, and the fact that the allowed transitions for quadrupole coupling are Δ = ± j 2, quadrupole rotational excitations contribute more to the positron cooling than do the dipole-coupled rotations over the entire temperature range studied.
While no measurements exist for rotational excitation of CO by positron impact, the vibrational excitation cross section has been measured and found to be 2.8 ± 0.6 times larger than that predicted by Born-dipole coupling [16] . The (7) for vibrational, dipole rotational and quadrupole rotational (de-)excitation of the ν 1 mode and all contributing j rotational states; (-·-) solution to (7) with vibrational cross sections scaled by η = 2.8 to match direct measurement given in [16] ; and (----) solution to (7) with vibrational, dipole and quadrupole rotational cross sections scaled by η = 1.5, 1.5 and 1, respectively. dot-dashed curve shown in figure 4 shows the calculated cooling rate with this scaling applied to the Born-dipole cross section, leaving the rotational cross sections unscaled.
Unlike the previous cases of CF 4 and N 2 , CO involves multiple types of interaction, and so determining the magnitudes of the underlying cross sections by fitting the measured data using a single scale factor is more complicated. However, the large difference in the strengths and energies of the vibrational interactions relative to that of the rotational interactions allows rough estimates of their respective magnitudes to be made based on the shape of the cooling curve.
Fitting the measured data in the range of temperatures above 800 K, where the positron cooling is dominated by vibrational excitation, suggests that the Born-dipole vibrational cross section should be scaled by η ∼ 1.5. Given the additional uncertainties in this factor due to potential contributions from the rotational modes, this result is in reasonable agreement with the direct measurement of 2.8. Since the dipole and quadrupole rotational interactions occur at similar energies, the scale factors for their cross sections cannot be determined individually. Nevertheless, relatively crude estimates of the ranges of cross-section values can be made. If the dipole rotations are assumed to be completely absent, then the quadrupole rotational cross sections must be enhanced by a factor of ∼1.5 to agree with the data. Alternatively, if the quadrupole interactions were assumed absent, then the dipole rotational cross sections would need to be scaled up by ∼3.
Therefore, the data suggests that the Born-dipole rotational cross sections given by (13) should be scaled by η ∼ 0 -3.5, while the quadrupole rotational cross sections given by (12) require η ∼ 0-1.5. Indeed, calculations from [33, 34] indicate that the dipole rotational excitation cross section should be scaled by a factor of ∼1-2, while the quadrupole rotational excitation cross section should be scaled by a factor of ∼0.3. As an example, the dashed curve in figure 4 represents the solution with the cross section for vibrations, dipole rotations and quadrupole rotations scaled by η = 1.5, 1.5 and 1, respectively.
Discussion
Measurements of positron thermalization with several different molecular gases at 300 K have been presented and compared to the predictions of a simple model. The positron cooling curves agree well with model predictions using generic cross sections in the Born approximation, scaled by constant numerical factors. In this section, the results from section 4 are compared and discussed, followed by a discussion of the effectiveness of these gases for cooling to cryogenic temperatures.
Comparisons
The time scales in which the positrons thermalize with a molecular gas clearly depends strongly on the type of gas and the cooling channels available. For comparison, figure 6 shows the measured cooling curves for the three molecules studied, normalized to a gas pressure of 1 μTorr. Also shown are exponential fits over this temperature range for each of the molecules. While the cooling curves are not quite exponential in shape, these fits allow estimates of the pressure-normalized 1/e times for these gases.
The model parameters used and the characteristic cooling times for the three molecules studied are listed in table 1. By far the most effective cooling gas over the temperature range studied is CF 4 , with a pressure-normalized 1/e time, τ p , of just 4.8 ms-μTorr ; a factor of ∼300 times faster than that of N 2 . The total cooling power for CF 4 is significantly larger than that of either N 2 or CO over all temperatures studied (i.e., above 300 K). This is due to the very large transition dipole moment of the ν 3 vibrational mode, as well as the relatively high energy of this mode, which acts to remove significant energy from the positrons with each collision. With a 1/e time of 1.5 s at 1 μTorr, N 2 is the least effective cooling gas studied. Both the cross sections and the amount of energy transferred are significantly smaller in the case of quadrupole rotational excitation than for that of vibrational excitation, resulting in far slower positron cooling. In addition, the quadrupole moment of N 2 is more than a factor of two smaller than that of CO, resulting in a smaller cooling power even at low temperatures where the CO vibration becomes insignificant.
The molecule CO cools through both vibrational and rotational excitation, and so it is expected to maintain reasonable cooling power over a broader range of temperatures than either CF 4 or N 2 . However, the non-degenerate C-O stretch vibration has a transition dipole moment which is ∼3 times smaller than that of the triply degenerate CF 4 stretch mode, making its vibrational excitation cross section ∼27 times smaller.
Cooling positrons to cryogenic temperatures
The formation of trap-based beams using positrons cooled to cryogenic temperatures would enable studies of many new physical processes, such as direct measurement of rotational excitations and new studies of positron-molecule annihilation mechanisms [12] . While the measurements discussed here were done with a gas temperature ∼300 K, they provide insight into the effectiveness of these gases in cooling positrons to cryogenic temperatures.
All three molecules studied are expected to have a reasonable vapor pressure (>1 μTorr) at 50 K, and so they are all possible candidates for use as a cryogenic cooling gas. The data suggest that vibrational excitation is by far the most effective method of cooling positrons to 300 K. However, as the positron temperature decreases, so does the effectiveness of this cooling channel, due to the relatively high energies of vibrational modes. This raises the question as to whether rotational excitations are able to cool positrons to low temperatures on reasonable time scales. Figure 7 shows the solution to (7) for positron cooling on CF 4 , N 2 and CO at a pressure of 1 μTorr and a temperature of 50 K. Note that fixing the gas pressure at 1 μTorr and reducing the temperature from 300 K to 50 K results in a factor of 6 increase in the gas number density, yielding far faster cooling rates. For these calculations, the Born approximation scale factors listed in table 1 for CF 4 and N 2 were applied to the respective cross sections, while for CO, a factor of 1.5 was applied to the vibrational and dipole rotational cross sections, leaving the quadrupole rotational cross sections unscaled. Figure 8 shows the total cooling power, defined by (6), under these conditions.
As in the 300 K case (figure 6), the positrons cool remarkably rapidly through interactions with CF 4 . However, due to the relatively high energy of the ν 3 vibrational mode in CF 4 , the cooling power drops off rapidly as the positron temperature falls. By 130 K the cooling power has dropped below 1 meV − s 1 , making cooling below this temperature impractical on reasonable time scales. It should be noted that the lower energy ν 4 degenerate deformation mode, occurring at 78.4 meV, will make a non-negligible contribution to the cooling curve at very low temperatures. This mode was neglected due to having an excitation cross section which is a factor of ∼20 smaller than that of the ν 3 mode, however at temperatures below ∼230 K it becomes the dominant cooling mechanism, allowing the positrons to cool to ≲ 100~K on reasonable time scales (not shown).
Referring to figure 8, N 2 again shows a comparatively weak cooling power over a majority of the temperature range. However, because of the low energies of the rotational modes, occurring at ε = 1.5 j meV for the lowest excited rotational state of N 2 , reasonable cooling power continues to very low temperatures. Below ∼210 K, N 2 becomes a better cooling gas than CF 4 , and it appears to cool the positrons to 50 K in ∼1 ms at 1 μTorr.
As was seen in figure 5 and can also be seen by the change in slope of the CO curve in figures 7 and 8, CO transitions from cooling predominantly through vibrational excitations to rotations at ∼600 K, and becomes the most effective cooling gas of the three discussed here at temperatures ≲270 K. Due to its larger quadrupole and dipole moments, and its dipole-active vibrational mode, CO maintains a larger cooling power than N 2 over all temperatures. This, along with the presence of its vibrational mode at high energies, enables it to cool positrons from 1500 K to 50 K in ≲100 ms.
Concluding remarks
Measurements of positron cooling with three different molecular gases have been presented. These measurements show the effectiveness of cooling positrons through vibrational and rotational excitation. While all three gases can be used to cool positrons to 300 K on reasonable time scales, CF 4 proved to be the fastest, followed by CO, with N 2 the slowest of the molecules studied. A simple model was introduced to describe positron thermalization through inelastic collisions and used to calculate the positron temperature as a function of time. For comparison with the measurements, generic cross sections in the Born approximation were used for vibrational, dipolerotational and quadrupole-rotational excitation and de-excitation. Using these cross sections, the model showed excellent agreement with measurements of CF 4 , while both CO and N 2 appear to cool faster than suggested by the Born approximation. Vibrational excitation provided the most effective cooling mechanism at higher positron temperatures, due to typically larger cross sections and mode energies, and this mechanism provides adequate cooling power even down to 300 K.
Comparisons between model predictions and measurements were also used to provide an estimate of the magnitudes of the relevant cross sections by scaling the Born cross sections by constant numerical factors. It was found that the CF 4 results fit well with the measurements using the Borndipole cross sections for vibrational excitation, while the CO vibrations required a scaling factor of ∼1.5. These results are in reasonable agreement with direct experimental measurements, which show that the CF 4 ν 3 excitation is within 25% of Born-dipole, while the CO vibration is enhanced above the Born-dipole result by ∼2.8 [16] . Due to the inherent complexities involved in extracting cross section data from the measured cooling curves, this technique is not a replacement for direct measurements of the cross sections themselves. However this method is useful in providing estimates of the cross sections where direct measurement cannot be done.
In the case of N 2 , the data indicate that the Gerjuoy-Stein cross sections are good to within a factor of two. This is in contrast to the case of electron collisions where these cross sections are found to be reasonably accurate [17] . This difference may be due to the fact that, in the positron case, shortrange effects may be important in describing these interactions, in accord with the conclusions of [35] . Lastly, the model was used to predict the effectiveness of these gases in cooling positrons to cryogenic temperatures. While CF 4 should allow rapid cooling to ∼100 K, its vibrational excitation is ineffective in cooling below this temperature. In contrast, both N 2 and CO should allow cooling to ≲50 K on reasonable time scales through rotational excitation, making them excellent candidates for use as cryogenic cooling gases.
As mentioned above, one important use of the cooling processes studied here is for the development of advanced trap-based techniques to tailor the accumulation, storage and delivery of low-energy positrons for a variety of end uses. It is clear from the results presented here that more accurate modeling of the interaction of positrons with molecular gases (e.g., [13, 14, 36] ) will hinge on more precise measurements of the relevant cross sections. This is particularly the case for rotational excitation, where presently, no direct measurements exist. Table 1 . Parameters for the three molecules studied here: B r is the rotational constant; μ and Q are the permanent electric dipole and quadrupole moments; ϵ ν and ν μ are the vibrational mode energies and transition dipole moments; τ p is the pressure normalized 1/e time constant from figure 6; η are empirical scale factor(s) for the relevant theoretical cross sections required to obtain agreement with experiment. For the case of CO, η is given for the dipole/quadrupole/vibrational cases, respectively. See text for details. 
